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Metals Production Requirements for Rapid Photovoltaics
Deployment†
Goksin Kavlak, a James McNerney, a Robert L. Jaffe b and Jessika E. Trancik a,c,∗
If global photovoltaics (PV) deployment grows rapidly, the required input materials need to be supplied at an increasing rate.
In this paper, we quantify the effect of PV deployment levels on the scale of metals production. For example, we find that if
cadmium telluride {copper indium gallium diselenide} PV accounts for more than 3% {10%} of electricity generation by 2030,
the required growth rates for the production of indium and tellurium would exceed historically-observed production growth rates
for a large set of metals. In contrast, even if crystalline silicon PV supplies all electricity in 2030, the required silicon production
growth rate would fall within the historical range. More generally, this paper highlights possible constraints to the rate of scaling
up metals production for some PV technologies, and outlines an approach to assessing projected metals growth requirements
against an ensemble of past growth rates from across the metals production sector. The framework developed in this paper
may be useful for evaluating the scalability of a wide range of materials and devices, to inform technology development in the
laboratory, as well as public and private research investment.
1 Introduction
Photovoltaics (PV) is a low-carbon technology that has the po-
tential to reduce greenhouse gas emissions if deployed at large
scale.1–3 As of 2012, PV provides only 0.4% of the world’s
electricity.4 Its deployment is growing rapidly, however, at an
average rate of 30% per year,5 as the technology steadily im-
proves and costs decline.6–10
The future growth of PV has been estimated in various en-
ergy scenarios, based on projections of energy demand and the
cost and performance of technologies in the future. Various
international organizations,11,12 environmental agencies and
industry associations,13,14 energy companies and other cor-
porations15,16 and academic institutions and researchers17,18
have contributed to this literature. Another group of studies
focuses on resource constraints and the potential for future PV
deployment. For example, various researchers have analyzed
the material constraints on PV deployment that are imposed
by annual metal production levels or reserves19–22 and have
discussed the potential for increasing PV deployment by re-
ducing the material intensity of PV technologies.22–25
While these studies address the production scale of met-
als eventually needed, they do not directly address the time
frame over which scaling up should be achieved. In this pa-
per, we ask whether metals production can be scaled up at a
pace that matches the rapidly increasing PV deployment levels
put forward in aggressive low-carbon energy scenarios. Based
on the projected PV deployment levels in 2030, we estimate
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the growth rates required for metals production to satisfy the
metal demand by the PV sector. We present a new perspective
on the metal requirements of PV deployment by comparing
the required growth rates with the growth rates observed in the
past by a large set of metals (the full set of metals for which
yearly production data is available for all years in the period
1972 to 2012). (See Section 1 of Supplementary Information
for details.†)
We include in our analysis the absorber layer materials of
three PV technologies manufactured and sold today: crys-
talline silicon (c-Si) technology (roughly 90% of annual PV
production today)26 and two thin-film PV technologies, cad-
mium telluride (CdTe) and copper indium gallium diselenide
(CIGS) (with roughly 5% and 2% of annual PV production to-
day),26 building on our earlier, preliminary results.27 Whereas
c-Si is based on an abundant metal, silicon, CdTe and CIGS
utilize metals that have low crustal abundance and are obtained
as byproducts of other metals’ production.
In this paper we aim to provide a thorough analysis of the
required growth rates for silicon in c-Si, tellurium in CdTe,
and indium, gallium and selenium in CIGS to meet a range of
projected PV growth scenarios. To complement this analysis
of past and projected metals growth rates, we also compare
the projected levels of metals production to their estimated
scalability potential based on metals reserves. The approach
developed in this paper may also be useful for studying the
scalability potential of other technologies as well, in light of
the production growth requirements of raw materials.
2 Methods
We estimate the growth rates required for metals production
to meet the metal demand associated with projected global PV
deployment levels in 2030. These projected levels are based
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on a number of published energy scenarios ranging from low
to high PV deployment (table 1). We note that providing a
high proportion of the total electricity through PV would re-
quire energy storage technologies that would also entail mate-
rial requirements.28 This paper concentrates on the materials
used in PV technologies but could be extended to analyze en-
ergy storage technologies.
The analysis begins with estimating the required annual
production in 2030 for each PV metal of interest. We then
calculate the annual growth rate needed for the metals pro-
duction to reach the required level in 2030. To estimate the
required metal production in 2030, we consider the projected
demand for the metal by both the PV sector and non-PV end-
use sectors of the metal,
Pβ = Xα Iαβ +Nβ (1+nβ )
18 (1)
where
Pβ required production for metal β in 2030 [metric
tons/year (t/y)]
Xα deployment for PV technology α during 2030 [GW/y]
Iαβ intensity of metal β for PV technology α [t/GW]
Nβ metal β used by non-PV end-uses in 2012 [t/y]
nβ annual growth rate in non-PV end-uses of metal β
[unitless]
The projected demand for a metal β by a PV technology
α in 2030 is determined by the projected annual deployment
level of the PV technology in 2030, Xα , and the anticipated
material intensity of metal β in 2030, Iαβ . We calculate the
annual PV deployment in 2030, Xα , by using the cumulative
installed PV capacity for 2030 projected by the energy scenar-
ios (table 1) and assuming a constant percent annual growth
from 2012 to 2030. The material intensity, Iαβ (in g/W or
t/GW), for a metal in a PV module is given by
Iαβ =
tαραwαβ
σηαUαβ yα
(2)
where
tα thickness of absorber layer for PV technology α [µm]
ρα density of layer for PV technology α [g/cm3]
wαβ mass fraction of metal β within the layer for PV tech-
nology α [unitless]
ηα module efficiency for PV technology α [unitless]
σ solar constant [1000 W/m2]
Uαβ utilization fraction of metal β in manufacturing PV
technology α [unitless]
yα yield in cell and module manufacturing for PV tech-
nology α [unitless]
Table 1 Cumulative Installed PV Capacity Projections for 2030.
Energy Scenario
Cumulative
installed PV
capacity (GW)
Approximate % of
global electricity
from PV
IEA WEOa 720 3
Solar Generation 6b 1850 8
GEAc 3000 13
Shelld 5500 24
a 450 scenario11
b Paradigm shift scenario14
c GEA-supply, conventional transportation, full portfolio
scenario17
d Scramble scenario15
Note: Installed capacity figures rounded to nearest ten
GW. Approximate percentage of global electricity is cal-
culated assuming 15% capacity factor for PV14 and a to-
tal global electricity generation of 30000 TWh in 2012.11
For each PV metal, we consider a range of estimates for ma-
terial intensity in 2030. Table 2 provides the parameters used
to obtain these estimates and the resulting high, medium and
low material intensity values. The ranges for material inten-
sity considered are 10-30 t/GW for In, 2-10 t/GW for Ga, and
20-160 t/GW for Se in CIGS; 20-160 t/GW for Te and 20-140
t/GW for Cd in CdTe; and 640-6630 t/GW for Si in c-Si when
material losses during manufacturing are considered. The high
material intensity estimate corresponds to today’s level.
The demand by non-PV end-uses of each metal in 2030 is
estimated by using the median of the historical growth rates
of that metal over all 18-year periods between 1972 and 2012.
To account for the variability in the historical growth rates and
the uncertainty regarding the future of the non-PV end-uses of
the metal, we also calculate a confidence interval around the
median growth of the non-PV end-uses defined by the 1st and
3rd quartiles of the distribution of historical growth rates over
all 18-year periods between 1972-2012.
We calculate the growth rate, rβ , required for the metals
production in 2012 to reach the required level in 2030 by as-
suming a constant percentage annual growth rate and using
equation (3):
Pβ = P0β × (1+ rβ )18 (3)
where
P0β production of metal β in 2012 [t/y] (from38–43)
Pβ production of metal β in 2030 [t/y] (found in eq. 1)
After obtaining the required growth rates, rβ , we compare
them to historical growth rates of metals production in order
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Table 2 Parameters for Material Intensity and the Resulting Material Intensity, Iαβ , for Each Element.
Elements Cases tα (µm) ηα (%) Uαβ (%) yα (%) ρα (g/cm3) wαβ (%) Iαβ (t/GW)
In in CIGS
high 2 14 75 73
5.75 22
28
medium 1.2 15.7 80 90 13
low 1.1 20 95 98 7
Ga in CIGS
high 2 14 75 73
5.75 7
9
medium 1.2 15.7 80 90 4
low 1.1 20 95 98 2
Se in CIGS
high 2 14 30 85
5.75 50
161
medium 1.2 15.7 60 90 41
low 1.1 20 95 98 17
Te in CdTe
high 2.5 11.7 50 85
5.85 53
156
medium 2 14 70 90 70
low 1 18 95 97 19
Cd in CdTe
high 2.5 11.7 50 85
5.85 47
138
medium 2 14 70 90 62
low 1 18 95 97 17
Si in c-Si
high 180 14.8 45 95
2.33 100
6629
medium 120 18 55 98 2882
low 50 20.5 90 99 638
In, Ga, Se: tα high24,25; tα medium, tα low25; ηα high29; ηα medium, ρα , wαβ for In, wαβ for Ga24; ηα
low30; Uαβ high for In, Uαβ high for Ga24, other Uαβ values30; wαβ for Se31; yα high for In, yα high for
Ga24, other yα values30.
Te, Cd: tα high, ρα , wαβ for Te24; ηα high, ηα low32; tα medium, tα low, Uαβ high for Te, Uαβ low
for Te, yα high, yα medium30; ηα medium25; Uαβ medium for Te33; yα low34. Uαβ values for Cd are
assumed to be the same as Te. wαβ for Cd is 1-wαβ for Te.
Si: ρα 35; all remaining parameters36.
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Fig. 1 Annual production of metals over time, 1972-2012. Black points show the actual production data, while blue lines are obtained by
fitting a line to the natural logarithm of the production data (using the least squares method) for each 18-year period in 1972-2012. The slope
of the each fitted line represents the annual growth rate for that 18-year period. The inset in each figure is the histogram of the annual growth
rates obtained by this curve fitting method. The goodness-of-fit varies substantially across the metals and time periods investigated. The
method of reporting tellurium production data changed in 2007, resulting in an arbitrary jump.37 Therefore the Te data for the last 6 years are
not taken into account when estimating the growth rates. This is indicated by the gray color used for the last 6 fitted lines.
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to determine whether the required growth rates have historical
precedent. When studying the historical growth rates, we use
a large set of metals to obtain a more complete picture of the
metals production sector. We obtain the annual global produc-
tion values for 32 metals for the last 40 years from the U.S.
Geological Survey.38–43 These represent all metals for which
continuous yearly production data is available.
We study material resources at the purity grade reported by
the US Geological Survey. (See Table S1 in the Supplemen-
tary Information.†) We note that byproduct metals such as Te
are generally tracked at higher levels of purity than primary
metals such as Si, since only the refined byproduct is globally
traded. Because of this, we carry out an additional analysis on
metallurgical grade Si, a higher purity form that is the precur-
sor to most (97%) Si used in solar cells44–46, to see whether
this partially-refined material with smaller production scale is
able to support deployment of Si-based PV (Supplementary
Information†). This analysis also limits the raw Si resource,
since currently metallurgical grade Si is produced more selec-
tively from silica deposits with relatively low starting level of
impurities.47 We note that data on MG-Si is limited to the pe-
riod from 1990 - 2012, and that data prior to 2004 excludes
production by China, further limiting the number of observa-
tions. To maintain consistency with other metals, in figures
1-4 we use total production of Si given in the USGS data, for
which a full 40 year history of most recent production data is
available.
We calculate the historical annual growth rates for each
metal for all overlapping 18-year periods between 1972-2012.
Annual growth rates are calculated based on 18-year time hori-
zons to match the time horizon of the metals growth projec-
tions considered (2012-2030). Because we are interested in
growth rates that are sustained over all possible 18-year pe-
riods, we measure the growth rates over overlapping periods
rather than disjoint periods. The average annual growth rate
of metals production over each 18-year period is estimated by
fitting a straight line to the natural logarithm of the production
over time using the least-squares method (figure 1). This is not
meant to be a high-fidelity model and we emphasize that the
goodness-of-fit varies substantially across the metals and 18-
year time periods studied. This level of fidelity is appropriate
for answering the following question: If we approximate past
and future growth in metals production as following an expo-
nential trend over an 18-year period, how do future required
growth rates compare to those observed in the past?
3 Results and Discussion
In this section, we first present historical growth rates in the
production of metals. Next, we show the growth rates required
for the PV metals to reach various projected annual PV instal-
lation levels in 2030, and compare these to historical growth
rates. Third, we briefly discuss constraints on scaling up the
production of byproduct metals based on the production levels
of their host metals, as well as the estimated metals reserves.
3.1 Historical Growth Rates
Figure 1 shows the annual production values for a set of PV
metals over time (1972-2012). The inset in each plot shows
a histogram of the annual growth rates for the corresponding
metal over all 18 year periods. As can be seen in figure 1, the
variability in annual growth rates differs across metals but the
distribution of growth rates is constrained to a fairly narrow
range, falling below 10% growth per year for these metals with
the exception of In.
The change in growth rates over time are different for each
PV metal (figure 2). In and Ga have experienced growth rates
that are mostly above 5% per year, which is high compared
to the other four metals. In, Ga, and Te growth rates have
changed significantly over time, unlike Se and Cd rates, which
have fluctuated within a small range between -1% and 3% per
year. Si growth rate has also been lower and more stable com-
pared to In, Ga, and Te, and recently increased to 5% per year.
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Fig. 2 Historical growth rates over time are shown for the metals of
interest. Growth rates are calculated and plotted in a backward
looking manner: The growth rate corresponding to a year is
calculated using the production values from the previous 18 years.
Reporting of the Te production data changed in 2007,37 therefore
the data for the last 6 years are not taken into account when
estimating the growth rates.
To gain a broader picture of the metals production indus-
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try, we also obtain the growth rates for the 32 metals available
in the USGS database (figure 3). Figure 3(a) shows the his-
togram of the aggregated growth rates observed by the set of
32 metals over all 18-year periods in 1972-2012. We see that
the median growth rate is 2.3% per year. A growth rate of
9% per year at the 95th percentile of the aggregated growth
rate distribution is marked with a vertical dashed line in figure
3(a). We interpret 9% per year as an upper end of business-
as-usual growth. If a growth rate of 9% per year is sustained
over an 18-year period, the annual production will increase by
almost a factor of 5 over this period. Also important to our
analysis is the maximum growth rate that has been sustained
over an 18-year period, which is 14.7% per year.
Figure 3(b) shows how the historical growth rates change
over time. We observe that the median 18-year average growth
rate has been mostly stable over time. An upward trend is
observed in the median as well as the interval between the
5th and 95th percentiles after 2005. Even with this upward
trend in recent years, the growth rates have been stable, and
the median growth rate stayed below 5% per year.
Using overlapping time periods to obtain the 18-year aver-
age annual growth rates places greater weight on years falling
in the middle of the time span considered (1972-2012). How-
ever we note that this does not introduce a bias in the his-
togram shown in figure 3(a), as the annual production growth
rates across the aggregated set of metals trend neither up nor
down over the period considered (1972-2012), as shown in
figure S1 in Supplementary Information.†
3.2 Comparison of Projected and Historical Growth
Rates
Figure 4 shows the annual growth rates required for the pro-
duction of PV metals to meet the demand of a wide range of
annual PV installation levels in 2030. The lower and upper
ends of each colored band in figure 4 are based on growth in
non-PV end-uses at rates defined by the 1st and 3rd quartiles
of the distribution of their historical 18-year average growth
rates.
When explaining the results, we focus on the medium ma-
terial intensity case and the annual PV installation level cor-
responding to the “Solar Generation 6, paradigm shift”14 sce-
nario. The Solar Generation 614 scenario projects a relatively
modest growth in PV installations. In this scenario, the cu-
mulative installed capacity reaches 1850 GW in 2030,14 and
generates around 2430 TWh in a year assuming an average
capacity factor of 15%. If the total annual global electricity
generation in 2030 is 30000 TWh,11 then PV supplies around
8% of the world’s electricity in this scenario. When we as-
sume that PV installation grows at a constant percentage an-
nual growth rate starting from about 100 GW cumulative in-
stalled capacity in 2012, the annual PV installations in 2030
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Fig. 3 (a): Histogram shows the distribution of the historical annual
growth rates of production of 32 metals observed in 1972-2012 over
18-year periods. Growth rates are calculated by fitting lines to the
natural logarithm of the production values in each of the 18-year
periods in 1972-2012. The median 18-year average annual growth
rate is 2.3%. (b): 18-year average annual growth rates in metals
production have been almost constant over time for the 32 metals
studied. Annual growth rates are backward looking: they are
calculated using the production values from the previous 18 years.
The solid midline is the median of the growth rates of 32 metals for
each year. The blue dotted lines show the 5th and 95th percentiles.
The dashed purple lines show the minimum and the maximum
growth rates observed. Note: The data coming from the last 6 years
of Te production are excluded from both panel (a) and panel (b) due
to a change in the reporting of the Te production data in 2007.37
would be 275 GW to reach the 1850 GW cumulative installed
capacity in 2030. In figure 4, the vertical line marked with the
“8% SolarGen6” corresponds to this annual installation level,
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and 8% refers to the portion of the global electricity provided
by PV.
If CIGS provides all of the 275 GW annual installations
projected by the Solar Generation 614 scenario in 2030, the
required growth rate for In is approximately 14% per year for
the medium intensity case, as shown in figure 4(a). This rate is
almost unprecedented considering that the highest growth rate
that has been observed historically by a large group of met-
als is 14.7% (as shown in figure 3(a)). 14% per year is also
high compared to In’s recent growth rates, where In produc-
tion has been growing at a rate lower than 10% per year (figure
2). A growth rate of 14% per year means that In production
increases from 780 t/y in 2012 to 8250 t/y in 2030, which is
over a factor of 10 increase. In this scenario, the annual Ga and
Se production each needs to grow at 11% per year, as shown
in figure 4(b) and figure 4(c). These growth rates are greater
than the majority of the historical growth rates experienced by
all metals (figure 3(a)). For Se, the projected 11% per year
is significantly higher than the growth rates that Se has expe-
rienced in the last forty years (figure 2), and corresponds to
an increase in annual production of 2240 t/y in 2012 to 14660
t/y in 2030. On the other hand, the required growth rate for
Ga, 11% per year, is slightly above what Ga has been experi-
encing in the recent years (figure 2). This rate means that Ga
production increases from 380 t/y in 2012 to 2490 t/y in 2030.
If we constrain metals growth rates to the maximum histori-
cal rate of 14.7%, the annual CIGS deployment levels in 2030
would be limited by In to 340 GW. Se and Ga would allow the
annual CIGS deployment to be up to 580 GW and 700 GW,
respectively, if CIGS were not limited by In.
If CdTe provides 8% of the global electricity generation in
2030 corresponding to the Solar Generation 614 scenario, in
which case the annual CdTe installation in 2030 is 275 GW,
Te production needs to grow at 23% per year for the medium
material intensity case as shown in figure 4(d). 23% per year
is significantly higher than the highest historical growth rate
observed for all of the 32 metals (figure 3(a)). 23% per year
growth rate corresponds to a more than fortyfold increase in
the annual Te production - from 500 t/y in 2012 to 20760 t/y
in 2030. Cd, on the other hand, requires only 4% per year
growth rate in this scenario (figure 4(e)) - an increase from
20900 t/y to 42340 t/y. Historically, Cd production has been
growing at very low rates and even decreased over sustained
time periods as can be observed in the negative rates in fig-
ure 2. 4% growth per year is relatively low compared to the
required growth rates of other byproduct metals.
The maximum CdTe deployment in 2030 would be deter-
mined by Te, if Te growth rate does not exceed the maximum
historically observed growth rate (14.7% per year) observed
by all of the 32 metals. In this case, the annual CdTe deploy-
ment in 2030 would be limited to 80 GW. Cd would allow
up 3600 GW annual CdTe deployment, if there were no con-
straints imposed by Te.
The median historical growth rates for In and Ga are nIn =
10% and nGa = 6.8%, are on the higher end of the historical
growth rates of all metals. Since we project the growth of
non-PV end-uses based on the historical growth rates and the
share of non-PV end-uses is very high compared to PV uses,
the non-PV demand for both In and Ga is projected to be high.
In comparison, a larger fraction (40%) of Te is used for PV
compared to In and Ga, which have only up to 5% of their
production dedicated to PV uses. For this reason, the required
Te growth rates are more directly related to the level of PV
installations than CIGS metals are as seen in figure 4.
Instead of CIGS or CdTe, if all of the 275 GW annual PV
installation comes from c-Si, Si production needs to increase
only by 2.5% per year (figure 4(f)). This growth rate is close
to the median historical growth rate observed for all metals,
2.3% per year. Unlike byproduct metals, the increasing PV de-
ployment does not cause much increase in the required growth
rates for Si. This is mainly due to the fact that PV constitutes
only a tiny fraction of Si’s end-uses. For the medium material
intensity case, the required growth rate for Si does not exceed
5% per year up to 1000 GW of annual deployment. For all an-
nual deployment levels explored in this analysis (up to 6000
GW per year in 2030, supplying 100% of forecasted electric-
ity consumption) the required growth rates for Si stay within
the range of historical growth rates observed for all metals.
(We estimate that silver production for use in contacts for c-
Si cells can supply high levels of c-Si PV deployment (up to
80% of global electricity by c-Si in 2030) without exceeding
historical growth rates. See the Supplementary Information
for details.† Silver might also be replaced with other materi-
als.)48–50 We find the same results using only metallurgical
grade Si (see Methods section) as the basis for Si growth rate
measurements, rather than all Si. Applying the same anal-
ysis to this alternative measure of useable Si production, in
the Supplementary Information†, we find that required growth
rates remain within the historical range with 100% of global
electricity supplied by Si-based solar cells.
It is worth noting that although the growth rates are lower
for Si, the increase in the amount of annual Si production from
2012 to 2030 is two to three orders of magnitude higher com-
pared to other PV metals (In, Ga, Te, Se) because it is pro-
duced at a much larger scale. A growth rate of 2.5% per year
correspond to an increase in Si production from 7.8 millions
t/y in 2012 to 12.2 million t/y in 2030.
3.3 Discussion of Constraints on Metals Production
Growth
In, Ga, Se, Te, and Cd have low crustal abundances and are ex-
tracted economically today only as byproducts of other ‘host’
metals. However a significant quantity of byproduct metal is
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(a) Indium, nIn = 10%
100 101 102 103
0
10
20
30
40
50
a
n
n
u
a
l m
et
al
 g
ro
wt
h 
ra
te
 (%
)
annual CIGS PV installation in 2030 (GW) 
 
3%
   
W
EO
 4
50
 
 
8%
   
so
la
rG
en
6 
13
%
   
G
EA
 
24
%
   
Sh
el
l 
75
%
(b) Gallium, nGa = 6.8%
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(c) Selenium, nSe = 1.4%
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(d) Tellurium, nTe = 1.4%
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(e) Cadmium, nCd = 0.6%
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(f) Silicon, nSi = 2.2%
Fig. 4 Required growth rates for metals production to reach a range of annual PV installation levels in 2030. The bands with different colors
show the required growth rates for different levels of material intensities given in table 2. The lower and upper ends of each band are obtained
by assuming that the non-PV end-uses grow at rates equal to the 1st and 3rd quartiles, respectively, of the historical growth rate distribution of
that metal over each 18-year period between 1972-2012. The median of the 18-year average growth rates observed between 1972-2012 for
each metal, (n), is shown below each plot. The vertical lines indicate the assumed annual installation level for the PV technology
corresponding to each energy scenario. The percentage on the left of the scenario names indicate the fraction of global electricity generation
coming from PV. The energy scenarios originally report only the cumulative PV installations. By assuming a constant percent annual growth
rate, we calculated the annual installation level in 2030. The horizontal line at 9% growth rate corresponds to the 95th percentile of the
historical growth rates for all 32 metals as shown in figure 3.
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never extracted from the mined ore. Below we briefly dis-
cuss the scalability potential of byproduct metals if they were
recovered with 100% efficiency from the mined mineral at to-
day’s production levels of host metals, and compare these pro-
duction levels to those required to meet 8% of global electric-
ity (corresponding to the Solar Generation 6 scenario.)14 We
also compare the projected metals production requirements to
estimates of global metals reserves. We note, however, that
the reserves estimates are revised over time to reflect newly
identified mineable deposits, and therefore should not be con-
sidered fixed constraints on metals production.51,52
We find that for a scenario in which 8% of the global elec-
tricity in 2030 is provided by PV (CIGS, CdTe, or c-Si), and
under the assumption of medium material intensity, the re-
quired levels of annual production for In, Te, and Se exceed
the estimated potential production levels for today by large
amounts. The required annual Te production in 2030 also ex-
ceeds the Te reserves,53 while the required annual In produc-
tion in 2030 approaches the estimated In reserves. The cumu-
lative production by 2030 would far exceed the reserves for In
and Te. Ga and Si production are less constrained as discussed
further below.
The amount of annually recoverable In is 1350 t/y based on
the average In content of the zinc ore, sphalerite (ZnS),54 and
the annual zinc production of 13.5 million tons in 2012.38 The
required annual In production in 2030 to meet 8% of electric-
ity demand (∼8300 t/y) is about 6 times the annually recover-
able In (1350 t/y), and close to the estimated global In reserves
(11000 t).55
The potential Te and Se production can be estimated to be
around 1430 t/y and 5500 t/y, respectively, based on the aver-
age Te and Se content of the anode in the electrolytic copper
refineries56 and the global electrolytic copper refinery produc-
tion in 2011.57 The required production for Te to meet 8% of
electricity demand in 2030 (∼20800 t/y) is an order of mag-
nitude larger than the potential production (∼1400 t/y) and al-
most equal to the estimated reserves (24000 t).53 The required
production for Se in 2030 (∼14700 t/y) is more than twice the
potential recoverable amount (∼5500 t/y). The estimated Se
reserves (120000 t)53 would be sufficient for around 8 years,
at the required 2030 annual production levels.
The amount of Cd that is potentially recoverable from zinc
ores can be estimated to be about 40500 t/y, based on the av-
erage Cd content of the zinc ore, sphalerite (ZnS),54 and the
annual zinc production of 13.5 million tons in 201238. For
Cd, the required production in 2030 for the Solar Generation
6 scenario14 (∼42300 t/y) is also above the potential produc-
tion (∼41000 t/y); however, the difference is proportionately
less compared to In, Te, and Se. If the required level of annual
Cd production is sustained, the estimated Cd reserves (500000
t)53 would be sufficient for around 12 years.
Ga has the highest crustal abundance among all of the
byproduct metals analyzed in this paper. Ga availability can
be estimated to be 12500 t/y based on the average content of
bauxite ores,58 and the annual bauxite production in 2012, 250
million tons.38 The required Ga production in 2030 for the
Solar Generation 6 scenario14 (∼2500 t/y) is almost an order
of magnitude below the estimated maximum recoverable Ga
based on today’s bauxite production levels (∼12500 t/y), and
much lower than the estimated Ga reserves (400000 t).59
Unlike the byproduct metals discussed above, Si is abun-
dant: it comprises about 28% of the Earth’s crust as a con-
stituent of various minerals.60 Although the U.S. Geological
Survey does not report quantitative estimates of Si reserves, it
states that the reserves are ample.53 If the annual Si production
grows at its historical average annual growth rate of 2.2% (as
shown in figure 1), then the annual Si production in 2030 will
reach 11.5 million t/y in 2030. This is only 6% lower than the
annual Si production level required by the Solar Generation 6
scenario14 in 2030, which is 12.2 million t/y.
4 Conclusion
Continued rapid growth in PV deployment could require sig-
nificant growth in the supply of some metals. In this paper,
we estimate the growth rates needed in metals production to
match PV deployment projections in 2030 for a range of fu-
ture energy scenarios. We compare the required growth rates
for six PV metals (In, Ga, Se, Te, Cd, and Si) with the his-
torical growth rates observed for a large set of metals. We
also compare the required production levels of the byproduct
metals to their scalability potential based on metals reserves
estimates.
The annual growth rates required for the byproduct metals
(In, Ga, Te, and Se) production to satisfy the energy scenario-
projected PV demand levels in 2030 are either unprecedented
or fall on the higher end of the historical growth rates distri-
bution. Growth projections for CdTe {CIGS} to supply 3%
{10%} or greater electricity demand by 2030 would require
unprecedented metals production growth rates for Te {In}.
These estimates are for the medium material intensity case.
The required metals growth rates will be even higher if ma-
terial intensity remains at today’s levels, the ‘high materials
intensity’ case. In contrast, our results suggest that c-Si tech-
nology can provide up to 100% of global electricity in 2030
without Si production exceeding the historical growth rates
observed across a large set of metals.
The scalability potential of In, Te, and Se also fall short of
the required production levels for these metals in 2030 based
on estimated metals reserves. Ga has a higher scalability po-
tential based on its higher abundance in bauxite ores. The Cd
supply does not appear to be constraining because of its higher
abundance in ores and decreasing demand by non-PV uses due
to its toxicity. Finally, Si supply restrictions do not appear to
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pose a binding scalability constraint, due to the abundance of
this metal.
This paper focuses on three main PV technologies that have
been commercialized, CdTe, CIGS and c-Si. We find that
at least one of these technologies, c-Si, is scalable based on
the analysis of required metals production growth rates and Si
availability. When the high processing costs of Si are consid-
ered, there is still room for improvement and possibly the in-
troduction of non-Si based PV technologies, in order to reduce
module costs. This study highlights, however, the importance
from a scalability perspective of reducing the material inten-
sity of other PV technologies (for example by using concen-
trators), or utilizing earth abundant materials. These general
insights apply to a range of existing and future PV technolo-
gies.
In this paper, the required metals growth rates reported rely
on estimates of the future demand for non-PV end-uses, based
on the range of observed historical growth rates of these met-
als. We note that if non-PV end-uses grow more rapidly
or slowly than observed historically, the comparison of pro-
jected and historical growth rates to meet PV scenarios would
change.
The analysis of required growth rates in the context of his-
torical growth rates provides a new perspective for assessing
the raw material needs for future energy deployment scenar-
ios. This approach can also be useful for analyzing the mate-
rials requirements of other technologies, to assess their scal-
ability and inform technology development and research in-
vestment. We note that while the availability of raw materials
is a necessary condition for scaling up technology production,
other factors including production energy requirements44,45,61
and the regional distribution of resources47, should also be
considered in an analysis of sufficient conditions for scalabil-
ity.
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